In interepidemic periods, a sapronoses typically employs a variety of mechanisms for maintaining viability of its causative agent in terrestrial parasitic systems, associated with different adaptive strategies utilized by its populations to survive. Unlike spore-forming bacteria, causative agents of sapronoses use resistant cell forms, which is a viable but nonculturable (VBNC) state, and persistence. Implementation of these strategies is conditioned by effects of various stress factors of the habitat and is characterized by decreased metabolism, alteration of the morphology and physiology of bacterial cell, and cessation of its replication. It is important that the resistant forms of cells retain virulence and, as favorable conditions come, turn back into the active vegetative form again. The discovery of the genetic modules of bacterial toxinantitoxin systems in recent years has made it possible to identify a number of complicated regulatory molecular mechanisms responsible for maintaining the pathogenic potential of resistant forms of causative agents of natural-focus sapronoses in interepidemic periods.
Introduction
The issue of survival of pathogenic microorganisms and the ways of their existence in the environment has become one of the most urgent problems in modern microbiology. The endemism of sapronoses (from Greek "sapros" = decaying; "sapron" -in ecology -a decaying organic substrate) is associated with the ability of their causative agents to survive in natural ecosystems [1, 2] . The most important characteristics of causative agents of the sapronoses are -
The ability of the pathogens to grow and replicate in these substrata (i.e saprophytically) [2] .
Thus these microorganisms are a distinctive type of infectious agent: they carry on dual ways of life: parasitic (pathogenic, at the temperature of a host organism) and saprophytic (in an abiotic substrate at ambient temperature) [1, 2] .
Ecological and epidemiological study of sapronoses is of not only medical, but also of general biological importance. Despite the rather long history of the study of sapronoses, the newly forming ideas about symbiotic relationships, parasitic systems, and adaptation strategies of their causative pathogens increasingly diverge from the classical epidemiological and biological concepts [3] . This is explained in part by the lack of both generally accepted terminology and a common view on ecological features of pathogens during their circulation in the natural environment and in human body [2, 4, 5] .
The paradigm of interepidemic periods includes two modes of existence of pathogens:
active (circulation out of a terrestrial parasitic system, in soil or in a body of water) and passive (reservation in a resting, inactive state).
The existence of resistant (dormant) cell forms in non-spore-forming bacteria inhabiting soils and waterbodies, viable but nonculturable (VBNC) cells, as well as the phenomenon of persistence of bacteria in the organism in warm-blooded animals and humans, were discovered in the late 20 th century [2, 3, 5] .
The resistant cell forms with low metabolic and replication activity cannot be detected by traditional microbiological methods [6, 7] . These forms are highly significant for a large and diverse group of causative agents of sapronoses, as they allow them to implement their biological properties: environmental plasticity, a variety of forms of resistance to external stressors, the acquisition of resistance to antibiotics and other antibacterial agents [5, 8] .
The surge of scientific interest in resistant forms of infectious agents in recent years is associated with the increasing medical and epidemiological significance of the phenomenon of resistant cell forms, as well as with the invention and development of molecular cell biology methods and the discovery of genetic modules of toxin-antitoxin systems (TAS) [3] . This served as a basis for the development of fundamentally novel technologies to study the mechanisms responsible for maintaining the pathogenic potential of resistant cell forms of causative agents of natural-focus sapronoses in interepidemic periods [2, 5] .
The boundary position of this unique and vast group of bacteria capable of both parasitic and saprophytic existence explains the insufficient knowledge of the strategies and ways for reservation of agents and maintaining their virulence [9] . It is possible that the disclosure of the mechanisms of involvement of TAS in the formation of resistant bacterial forms will become the missing link in the study of the general strategies utilized by pathogenic agents of natural-focus sapronoses to survive in humans, animals, and in the environment.
The goal of review: to show the importance of genetic modules of TAS in the emergence of resistant forms of bacterial cells and in maintaining the pathogenic potential of causative agents of sapronoses.
Causative agents of sapronoses
Sapronoses (from Greek sapros, meaning "putrid", and nosos, "disease") are diseases transmitted to humans from abiotic substrates of the environment (soil, water, decaying plants, animal feces, etc.) [1] .
The most important feature of sapronoses is that bacteria, as causative agents, not only persist, but also actively reproduce on abiotic substrates (saprophytic phase), and, after getting in the body of a warm-blooded animal (or human), continue to replicate in it (parasitic phase). [5] .
The pathogenic properties of causative agents of natural-focus sapronoses are based on the genetically determined pathogenicity factors (adhesins, invasins, enzymes, toxins, etc.), which have formed during their evolution to ensure existence in the environment and penetration into cells and tissues of organisms of the soil-dwelling, aquatic, and marine flora and fauna [5, 10] .
These multipurpose pathogenicity factors, due to the complementary properties of their determinants, can affect the respective chemical targets, both in objects of the environment and in the organism of warm-blooded animals and humans [9] .
The paradigm of natural foci of diseases has long been based on the postulate of continuous circulation of pathogens within a certain area. However, a thesis on the interepidenic (interepizootic) periods and the discrete pattern of pathogen's circulation (seasonal, annual, and perennial) as the regular features of natural foci has been formulated and substantiated in recent decades [4, 5, 9] . It became obvious that in terrestrial ecosystems, circulation of pathogenic agents of sapronoses (plague, pseudotuberculosis, leptospirosis, listeriosis, melioidosis, legionellosis, cholera, tularemia, and anthrax) is also limited in time and space [9] .
For instance, discontinuities in the active circulation of Yersinia pestis can last for dozens of years [5, 9] . The discrete pattern of circulation of sapronoses causative agents is expressed also in epidemic manifestations of cholera and other infections, whose natural foci are associated with aquatic and terrestrial systems [3, 9] .
Thus, the causative agents of typical sapronoses, inhabiting the environment, can exist and proliferate without any relations with warm-blooded organisms and acquire the epidemiological significance when the opportunity arises of their transfer from natural habitats to the organism of a warm-blooded animal (or human), where they continue replication. The availability of two environments contributes to their survival in the biosphere and determines their further evolution in this direction [1] [2] [3] [4] 9] .
As inhabitants of different ecosystems, the causative agents of sapronoses are continuously exposed to potentially dangerous adverse factors, which caused them to develop certain adaptation strategies of genetic self-regulation in the course of their evolution [2-4].
These strategies provide not only high ecological plasticity of saprophytic microorganisms, but also the possibility of survival of pathogens with a significant infectious potential under the effect of numerous environmental factors and in the human body. The hospital environment can also be a source of sapronoses infections: medical tools and equipment, transplants and biologic fluids, in which the pathogens remain for a long time in the form of biofilms, resistant cell forms, and spores. This provides the phased development of epidemic manifestations of hospitalacquired infections with a periodic dominance of multiresistant clones [11] [12] [13] .
As is known, spore-forming pathogenic bacteria (clostridia and bacilli), after being exposed to a sharp reduction in nutrients in the habitat, can persist for decades in soils in the form of resting forms, spores, or cysts until favorable conditions for reproduction return. For instance, spores of Bacillus anthracis, the causative agent of anthrax, can germinate in soil under favorable conditions and complete the full vegetative cycle [7] .
In the late 20 th century, the existence of resting ("dormant") resistant cell forms was first reported for non-spore-forming bacteria inhabiting soils and water bodies and found in organisms of warm-blooded animals and humans [14] . Subpopulations of these cell forms are characterized by reduced growth rates and metabolic activity, but, with the onset of optimal conditions for growth, they can quickly restore the pathogenic characteristics that they had previously [6, 7] .
The evolutionary significance of maintaining such heterogeneity of population is similar to the genetic strategies of phenotype formation, determined by the genotype and environmental conditions, which increase the probability of survival of microorganisms in unstable environmental conditions, as well as under the effect of antibacterial agents [8] .
The formation of resistant forms in causative agents of sapronoses is induced by a number of environmental stress factors (variations in the hydrothermal regime, shortage of nutrients, exposure to antibiotics, etc.) and exhibits a pronounced adaptive property [1, 6] .
Causative agents of sapronoses, after transiting to a nonculturable state, become capable of long-term existence in the external environment, outside a warm-blooded organism. At the same time, inactive cells retain their pathogenic potential and, under favorable conditions, again transform into vegetative forms [7] .
To date, resistant forms have been isolated from many bacteria, including causative agents of (plague, pseudotuberculosis, listeriosis, and other sapronoses) [8, 13] . The detection of these forms of causative agents of sapronoses in foci, soils and water bodies, was confirmed by the results of experimental studies on the induction of the reversible transition of Yersinia, Listeria, and Salmonella into the resting state [2, 4, 9] .
After the discovery of these adaptive phenomena, it was assumed that the mechanisms of reversible transition of bacteria into a resting state and the reverse transition to vegetative To date, two well-defined resistant forms in non-spore-forming bacteria have been sufficiently characterized: a viable but nonculturable (VBNC) state and cell persistence.
Resistant cell forms
Culturability of microbes is one of the fundamental microbiological characteristics, and coordinated reproduction of all cellular components and structures, eventually leading to an increase in cell weight, is one of the main criteria for its viability. However, in the 20th century, anabiotic forms of existence that did not fully meet the viability criterion were described from microorganisms. These are persister cells and VBNC bacteria that have been combined under the common term "resting cell forms" [7, 17] .
Persister cells. The effect of bacterial cell persistence was discovered in the middle of the 20th century. In the subsequent numerous works, the phenomenon of bacterial persistence has been comprehensively studied [1, [18] [19] [20] [21] [22] . In particular, it was found that persister cells usually make up only a small fraction of the bacterial population. In wild-type E. coli strains, their frequency in plankton cultures constitutes approximately one per million cells [15, 23] .
However, in biofilms, which are complex multicellular bacterial communities highly resistant to antibiotics and are responsible for more than 80% of human infections, their frequency increases substantially: up to one per 100 bacteria [23] .
The mechanism of formation of temporary antibiotic-resistance of persister cells is associated with the replicative and metabolic rest of bacteria being in a persistent state [13, 17] .
The mechanism of action of most antibiotics is aimed at suppressing the vital intracellular processes of metabolically active and growing cells, and, therefore, the effectiveness of these drugs depends on the physiological state of the cell. From this aspect, the phenomenon of persistence is considered as the emergence of spontaneous and temporarily antibiotic-resistant phenotypic cell variants in isogenic bacterial populations [13] .
According to the latest definition, persister cells are considered as resting and irregular subpopulations existing in a growing culture that are resistant to several types of antibiotics, antiseptics, and disinfectants [8, 13, 24] . Their fundamental difference from antibiotic-resistant mutant bacteria is that persister cells do not divide, and their tolerant phenotype is retained only during the resting state period and, therefore, is not inherited [23, 25] .
It could seem that the mechanism of phenotypic antibiotic-resistance of persister cells is associated exclusively with the state of metabolic and replicative rest. However, recent studies [12, 18, 21, 22] have shown the physiological heterogeneity of the fraction of persister cells in a population and the different degrees of resistance to various antibiotics [12] . The experimental selective inhibition of bacterial replication caused the antibiotic-resistance only when the inhibition was accompanied by an active cells' response to stress. Other researchers [17, 26] have shown that suppression of the metabolic activity of bacterial cells alone did not prevent mortality of 99% of the population from antibacterial agents.
Moreover, in the works of Е. Maisonneuve et al. [19] and Van den Bergh et al. [27] it is reported that a phenotypic population of single persister cells is present in most bacterial cultures being in the stationary phase of growth and free of antibiotic and stress exposure. During their life cycle, vegetative (active) bacterial cells of populations can transform into a persistent phenotype and back, with the rate of such reversals depending on the growth phases and habitat conditions [19, 27] .
Thus, a conclusion has been made that the induction of persister cells' formation is not associated solely with the effect of antibacterial agents, and the levels of bacterial persistence depend on a number of environmental factors and a genetically determined mechanism of regulation of their formation [8, 13, 17] . These cells protect the population from death caused by a sudden and massive antibiotic therapy, providing microorganisms with a competitive advantage in periodically changing environmental conditions [13, 17] .
The presence of persister cells in a bacterial culture, including causative agents of sapronoses, is of increasing pathogenetic significance as an etiological factor of a group of chronic and nosocomial infections (suppurative-septic infections, pneumonia, intestinal infections, tetanus, gas gangrene, etc.) [3, 26] .
Viable but nonculturable cells. The saprophytic phase of sapronoses causative agents in natural ecosystems often occurs in unfavorable conditions. An unstable hydrothermal regime, lack of nutrients, and other stress factors of the environment threaten the survival of the population, which causes bacterial cells to enter their resistant dormant states and acquire the ability to survive in aggressive environmental conditions by radically changing their physiological and morphological organization.
Unlike normal bacteria, viable but nonculturable (VBNC) cells lose their ability to be cultured on growth media and to form colonies, while retaining signs of viability (intact cell membranes, minimal metabolic activity, and ongoing gene expression) [7] . It has been established that the VBNC state is induced by various environmental stressors (such as starvation, hypoxia, variations in hydrothermal regime and pH, salinity increase, antibacterial agents, and disinfectants) [6, 11] .
Over the past decades, nonculturable forms have been found in more than 100 species of bacteria belonging to 40 genera, of which more than 50 species are pathogenic or opportunistic for humans and animals. These cell forms of bacteria have been referred to in the scientific literature under various alternative terms: nonculturable cells, conditionally viable environmental cells (CVEC), active but nonculturable cells (ABNC), and dormant cells [16] .
The clinical significance of noncultirable forms has been confirmed by numerous studies [6] . Pathogenic bacteria from biomaterial, being in the VBNC state, do not inoculate the diagnostic growth media in laboratory and, therefore, cannot be identified as an etiological agent.
A negative microbiological response can influence a decision on discontinuation of antibiotic therapy and, thus, subsequently cause recurrence of the infection. In a study by М.М. Lleo et al. [28] it was shown that in 14-27% of cases of infection the pathogens proved to be unidentified by traditional microbiological methods, and their presence could only be detected through PCR.
The same method revealed the quantitative increase in sub-populations of nonculturable forms of bacterial cells in biofilms. This increases their importance in the pathogenesis of human bacterial infections and necessitates active research to understand the molecular mechanisms underlying the phenomenon of persistence and its regulation [29] .
To date, there is ample evidence that VBNC, like persistence, is an effective cellular strategy for bacteria to survive adverse growth conditions. Over the decades of studies of these resistant (dormant) forms, extensive data have been collected on the regulatory, morphological, and functional similarity of the persistence and VBNC state phenomena, and this resemblance has been discussed in detail in the literature [30] .
Based on the similarity of conditions of emergence, morphological features, and molecular genetic mechanisms of these resistant forms, some authors put the equality sign between them [30] . However, most researchers point also to the differences that have been repeatedly confirmed in experiments. The major difference of VBNC is their inability to quickly restore growth parameters after cessation of exposure to stressors (which takes up to 24 h or more), while persisters are recultivated in vivo on solid growth media immediately after discontinuation of antibiotic exposure. In the absence of morphological differences, the timing of onset of growth after the return of normal conditions is the main pathognomonic trait that allows distinguishing VBNC from persister cells [24] . It is important to note that, after recultivation, the virulence of bacteria is also restored.
In the work of М. Ayrapetyan et al. [24] , both these resistant forms on different physiological levels were combined into a "rest continuum" model based on a single molecular genetic mechanism of regulation.
The mechanism of emergence of resistant forms in bacterial cell populations is associated by the majority of authors with the stochastic variability of their properties determined by the genes, the environment, and the random noise which is inevitably present on all levels of biological organization, starting with the molecular one [29] . However, in the late 20th century, genetic loci of toxin-antitoxin systems (TAS) were identified in prokaryotes, and their major role in cellular physiology, which consists in metabolism reduction under stressful conditions, was elucidated [19, 31] . As shown below, these loci play a crucial role in the bacterial resistance formation, understanding of which requires considering the structure and function of TAS in more detail.
Toxin-antitoxin system (TAS)
Recent advances in genomic sequencing and bioinformatics of the latest generation have revealed a wide distribution of bacterial toxin-antitoxin systems (TAS), which has served as a powerful incentive to develop comprehensive studies of these unique protein structures [32] . The TAS genetic modules contain two genes encoding a stable toxin and an unstable antitoxin sensitive to degradation by cellular proteases (tabl.). Further studies have shown that the TAS modules are also widely distributed among bacterial chromosomes also, but their function has long remained unknown [32] . As has been established, these systems take an active part in the biofilm formation and are also involved in the virulence and multiple resistance forming in pathogenic bacteria [31, 33, 34] .
Depending on the type of genetic organization, the characteristics of the antitoxin, and the mechanism of its interaction with the toxin, six types of TAS modules are currently identified [35] (Table) . In all the TAS types, toxins are represented by proteins, whereas antitoxins can be either a non-translated antisense RNA (types I and III) or a labile protein (types II, IV-VI) [19, 35, 36] . The best characterized are type I and type II modules.
Type I toxins are small-sized hydrophobic peptides that cause the loss of electrical membrane potential in cell and arrest bacterial growth. Antitoxin inhibits the activity of the toxin protein by binding mRNA [37] (Fig.) . The most wide-spread and well-studied are type II TAS modules. Toxins of this type inhibit cell replication by suppressing the activity of DNA gyrase (DNA topoisomerase II), but most of them act as translation inhibitors, exhibiting the activity of endoribonuclease (catalyze the RNA degradation) or inactivating glutamyl-tRNA synthetase (GltX) [35, 37, 38] . Antitoxins of this type, being proteins, block the toxin through direct binding [38] .
The leading role of type II TAS in the formation of the persistence phenomenon is evidenced by the fact that the first discovered gene hipA of bacterial resistance was subsequently found to be responsible for coding the same-name toxin in the hipBA locus of type II TAS [39] .
Moreover, the induction of overexpression of some of type II toxins-relE (genetic locus relВE) [37] , mazF (locus mazЕF) [37, 38] , dinJ (locus dinJ-yafQ), and mqsR (locus mqsQR) [38] -was revealed in persister cells of the model wild E. coli strains.
Later studies on the same models with antibiotic therapy revealed a similar overexpression of type I TAS toxins, tisB (locus tisB-istR) and hokB (locus hokB-sokB), which was associated with high levels of guanosine pentaphosphate (ppGpp), a regulator of bacterial growth rate [40] .
These toxins caused the depolarization of cell membrane and a sharp decrease in metabolic activity, as well as the induction of formation of resistant persister cells [36, 40, 41] .
It has been found that the key cellular processes such as DNA replication and protein translation are inhibited in microbial cell under the effect of toxins. This inhibition leads to a rapid arrest of growth and a sharp decrease in metabolic activity, the formation of partial or complete resistance of bacteria to antibiotics, and make them resistant to most of antibacterial agents [41] .
The study of the functions of TAS complexes has confirmed the hypothesis on physiological heterogeneity of the persister cells fraction in a population and explained the pattern of the different degrees of antibiotic resistance; moreover, it helped elucidate the mechanisms of formation of bacterial resting forms [12, 21, 22] .
Conclusion
The increasing medical and epidemiological importance of sapronoses infections confirms the relevance of the study of the strategies utilized by their causative agents for maintaining the Under favorable conditions, the dormant forms of bacteria are able to re-enter the active vegetative state and give rise to a new population [8, 17, 43] .
Identifying the leading role of TAS in the resistant cell form formation and the development of antibiotic resistance of bacteria is not only of fundamental importance, but also opens up broad prospects for invention of new antimicrobial technologies. The high rate of acquisition of multidrug resistance by pathogenic bacteria is an evidence of the urgency and relevance of this research trend.
Taking into account the lack of TAS genetic modules in mammals, including humans, new technological strategies can be aimed at invention of effective and highly specific biochemical modulators of toxin-antitoxin interactions. However, one of the possible disadvantages of the effectiveness of these antimicrobial strategies is the high distribution of TAS in the genome of normal microbiota in the human organism existing in symbiosis with it, which requires creating the medicinal agents targeted at several systems, including those exhibiting a probiotic action.
Another feature of this therapeutic strategy is that it is not enough just to inhibit antitoxins to activate toxins, as the action of the latter would require to be blocked with other drugs [43, 44] . However, encouragement of further basic research on TAS in pathogenic bacteria can provide valuable information for the invention of future antibacterial alternatives.
A number of promising antibacterial strategies are associated with ATP-dependent caseinlytic protease ClpP, an essential component of ClpXP and ClpAP complexes in bacteria [45. 46] .
One of these strategies involves activation of ClpP by cyclic acyldepsipeptide (ADEP-4, one of the six configurations of this natural antibiotic) and causes uncontrolled protein degradation, inhibition of bacterial cell division, and subsequent mortality of both actively dividing and persister cells of Gram-positive flora. The effectiveness of ADEP-4 increases in combination with various antibiotics such as ciprofloxacin, linezolid, vancomycin, or rifampicin [45, 46] .
Other researchers propose different ways associated with the inactivation of ClpP [46, 47] . These strategies are promising for the development of new forms of drugs based on them.
Other microbiological biotechnological approaches to control resistant cell forms are associated with the "persister awakening" mechanisms [25, 45, 48] . These approaches use compounds that do not require active transport to enter the cell, and the process of killing target cells does not need any cellular mechanisms either. Examples of such biotechnologies, active in case of combined infections associated with E. coli, S. aureus, and P. aeruginosa, are the use of DNA interstrand cross-linking antitumor cytostatic agents, mitomycin C [49] and cisplatin [50] .
Thus, the study of mechanisms and patterns of regulation of the resistant cell forms formation in order to prevent their persistence and/or the identification of factors that modulate the rate of cell reversion from the vegetative active state to nonculturable cell forms provide the opportunity for improving the effectiveness of antibiotic therapy and finding the molecular targets to create new antibacterial drugs and strategies.
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